Electrochemical techniques, such as electrochemical impedance spectroscopy (EIS), are widely used for corrosion studies. However, their applicability to studies on metallic cultural heritage has been less spread due to the usual need of performing measurements in-situ on sculptures or monuments. This paper presents the development of a gel polymer electrolyte (G-PE) cell to overcome the difficulties associated with the use of liquid electrolytes for in-situ measurements. 5% agar has been employed to gelify a 0.3 M NaCl electrolyte. Laboratory comparison has demonstrated that gelification with agar does not affect EIS results in a significant way. A robust and convenient electrochemical cell has been fabricated using this G-PE and has been successfully applied to obtain EIS data from a bronze sculpture in the National Archaeological Museum in Madrid (Spain).
Introduction
Electrochemical methods have been extensively used in corrosion studies for many decades. Inthe metallic heritage field, they have been used for restoration purposes for a long time, but their use for evaluation of protection systems and patinas is much more recent and less popular [1] .
A typical approach to study patinas and protective coatings for cultural heritage is to prepare artificial coupons that try to mimic the original composition of metallic artifacts, and to study them using traditional laboratory techniques, including EIS [2, 3] . The main drawback of this approach is that the surface composition and properties of each artifact is unique and a patina that has been formed over centuries cannot be artificially reproduced. Other authors have applied electrochemical techniques to the characterization of real patinas scrapped from the monuments [4] , what does not allow to evaluate their protective properties. EIS has also been applied to monitor stabilization treatments for archaeological objects [5, 6] Several authors have worked on the development of an electrochemical cell that allows in-situ measurements on real artifacts and monuments. The need for an electrolyte that should be kept in contact with the object and the counter and reference electrodes is one of the main difficulties for on-site electrochemical measurements. Letardi developed a "contact cell" in which the electrolyte was held in place by a cloth, which was kept moistened by addition of the electrolyte from a reservoir by capillarity [7] [8] [9] . This system allows a complete freedom in the election of the electrolyte to perform non-destructive EIS measurements, both in laboratory and monuments. However, it is still needed to handle a liquid electrolyte, and the flat surface of the contact probe is not suitable for curved or irregular surfaces. Angeliniet. al used commercial electrocardiogram electrodes to study patinas and protective coatings on monuments [10, 11] . While this system is non-destructive and well suited for in-situ measurements, the low conductivity of the gel electrodes may be a limitation for the measurement of low impedance systems and causesinhomogeneities in the current distribution [12] . Additionally, EIS results obtained with this electrodes show significant differences with those obtained with conventional cells at low frequencies.
A common approach followed in many fields of electrochemistry where liquids electrolytes present disadvantages has been the use of polymer electrolytes (PE). PE can be defined as materials where a supramolecular system is doped with ions and present a significant conductivity [13] . These systemshave been extensively investigated and used in a wide variety of electrochemical devices, such as batteries (e.g. lead-acid batteries [14] or lithium batteries [15, 16] ), electrochromic devices [17, 18] , fuel cells [19] , supercapacitors [20] , sensors and actuators [21] , an dye-sensitized solar cells [13, 22] .Several polymeric materials have been studied as PE, such as poly(ethylene oxide), polyacrlylates or polymethacrylates [15, 16] or silicates [14] . Natural polymers such as starch [23] , chitosan [24] , gelatin [25] , pectin [26] or agar [17, 18] have been used as gel polymer electrolyte (G-PE). Those natural substances have the advantage of being innocuous to the people and the environment, biodegradable and usually inexpensive. Gelified electrolytes have also been used in corrosion studies, for instance, Newton and Sykes used a agar gel to immobilize alkaline chloride solutions, as analogues of pore solution in concrete [27] In this communication, we present a novel design of an electrochemical cell based on a classical electrolyte used in corrosion research (in this case, an aqueous NaCl solution, but many other electrolytes can be used) gelified with agar to obtain a convenient cell for in-situ measurements.
Materials and methods
The design of the cell is based on a traditional 3 electrode cell: the working electrode (WE) is the object under study, the counter electrode (CE) is a stainless steel mesh and as reference electrode a silver wire electrochemically coated with AgCl has been used.
The main innovation of our design is the use of a G-PE made bygelification of the electrolyte (0.3 M NaCl solution in Mili-Q water, but other solutions can also be employed), using agar, as a convenient solution to overcome the difficulties of in-situ measurements in monuments and works of art. After the preparation of the electrolyte, 5% w/v of agar powder (technical grade) has been dispersed in the solution, heated until dissolution of the agar, allowed to cool down and casted on the electrochemical cell containing the RE and CE. The 5% concentration provided enough resistance for cell handling while keeping good flexibility to adapt to the surface to be measured.
EIS measurements have been carried out on bronze (5% Sn) coupons (5 x 5 cm), polished using emery paper down to grade 1200. EIS spectra have been acquired using a Gamry 600 Potentiostat, using a frequency swept from 100 kHz to 10 mHz, 10 mV RMS amplitude (at the open circuit potential) and 10 points/decade.The area exposed to the electrolyte is 5.7 cm 2 . Analysis of the data has been carried out using GamryEchem Analyst software.
In order to validate the gelified electrolyte, a comparison has been made using a traditional flat-sample cell [1] , using both the liquid (traditional) electrolyte and the G-PE, keeping all other geometrical parameters of the cell identical.
For in-situ measurements, the gel electrolyte was casted in a plastic mold having a 4 mm thickness outer ring that was removed after cooling of the solution, leaving a protruding gel electrolyte cylinder with a constant and known section (5.7 cm 2 ). Figure 1 shows an image and a scheme of the cell. The applicability of this cell to real objects has been tested by doing EIS measurements on a bronze sculpture of the National Archaeological Museum of Madrid. The sculpture is one of the two large (aprox. 3.5 x 1.8 x 1.2 m) "Sphinxes" made by Felipe Moratilla y Parretoin 1892 for the main entrance of the building. The surface of the bronze is covered by a thin non-uniform patina, result of many decades of exposure to the urban environment of Madrid. Figure 2 shows typical Bode (a) and Nyquist (c) plots of EIS spectra for polished bronze coupons using the liquid electrolyte and the G-PE. The validity of EIS data has been assessed by means of Kramers-Kronig transforms, obtaining a good correspondence between experimental and calculated values. The overall shape and features of the curves are similar. In order to evaluate the differences, data have been fitted to the equivalent electric circuit presented in the figure. This model has been previously proposed for EIS results obtained on patinated bronze [28, 29] .In this circuit, R e corresponds to the electrolyte resistance;the constant phase element (CPE 1 ) in parallel with another resistor (R 1 ) can be attributed to the impedance of the patina(in our case, the thin cuprite layer that is immediately formed on copper upon exposure to air); CPE 2 and R 2 model the double-layer capacitance and the charge transfer resistance respectively; and CPE 3 and R 3 are attributedto Faradaic oxidation-reduction process that occur at the electrodesurface. The values for the different elements are presented in Table 1 , and the results of the fitting are presented in Fig. 2, superimposed to experimental results. The validation of the equivalent circuit is out of the scope of this paper, and it is used here only as a tool to compare the different features of EIS curves in the different experimental conditions. A minor change is observed in R e with the addition of agar. This change can be attributed to the interaction of the ions with the gel. Two different interactions can occur in the gel-waterelectrolyte systems, leading to opposite changes in the diffusion of the ions: on one hand, adsorption of ions on the gel and obstruction of their diffusion paths by the macromolecules decrease the diffusion coefficient in the medium; on the other hand, gel-water interactions increase the diffusivity of ions in the gelified electrolyte [30] .This change in the diffusion of ions within the electrolyte would be responsible for the minor change in the electric conductivity of the electrolyte, R e . However, as opposed to commercial electrocardiography electrodes, our G-PE keeps the good conductivity of traditional liquid electrolytes [10] [11] [12] .
Results and discussion
The values of CPE 1 -R 1, CPE 2 -R 2 andCPE 3 -R 3 show a good correspondence (within the errors) in the liquid and the gelified electrolyte. The best agreement is found in the first time constant, corresponding to the cuprite layer, what indicates that the G-PE could be valid for the evaluation of the patinas on bronze.
Once the G-PE and liquid electrolytes were tested in the laboratory, a field-cell was fabricated ( Fig. 1 ) and applied in a real bronze sculpture covered by a natural patina. The G-PE allows to easily carrying out measurements on different surfaces regardless of their orientation and position, and the flexibility of the G-PE allowed it to adapt itself to slightly curved or irregular surfaces which are commonly found on this type of artifacts.
Bode and Nyquistplots of the EIS spectrum obtained from the sculpture is shown in Figure 2 Table 1 . This spectrum is presented to demonstrate the applicability of the G-PE cell to real objects and the good quality of the data that can be obtained. A detailed interpretation of the values of the circuit elements would require more EIS data and a deeper study of the bronze-patina system that is currently under development.
Conclusions
The gelification of a traditional liquid electrolyte using agar has demonstrated to be a convenient and practical system to fabricate an electrochemical cell for field EIS tests. The gelification does not produce a significant change in the properties of the electrolyte, allowing to obtain good quality EIS spectra. The gel-cell fabricated using this electrolyte allows to perform EIS tests in-situ in elements such as sculptures or monuments, expanding the possibilities for electrochemical characterization of metallic cultural heritage. Additionally, it can be applied to other systems that need in-situ application of electrochemical techniques for corrosion and protection assessment. Table 1 .Parameters from the fitting of EIS spectra using the equivalent circuit in Fig. 2 
